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ABSTRACT

Design of an Experimental Approach to Study the Growth of Biofilm on Polymethylmethacrylate
by

Eireen S Escalona

Biofilms are present in virtually every solid-liquid contact surface and are partially
responsible for some diseases and water cleaning. They are a community of a variety of
organisms that live symbiotically and are bound together by extracellular polymeric substances,
or EPS. Biofilms go through five stages of development. These include initial and irreversible
attachments, maturations I and II, and dispersion. In the dental world, biofilms are often
associated with mouth infections including dental caries, gingivitis and periodontitis. Elderly
denture wearers are susceptible to the pathogen-causing bacteria associated with these diseases,
particularly those who have Alzheimer's disease or other forms of forgetfulness. The decreased
inclination to maintain the cleanliness of the dentures cause biofilms to proliferate. Varying the
surface roughness of denture material, or polymethylmethacrylate, could lead to the discovery of
a specific roughness where biofilm growth is minimized. Methodologies were established to
begin the process of researching this hypothesis.
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Significance
Biofilms are ubiquitous and are both beneficial and detrimental. In waste water treatment,
biofilms help clean the dirty water by removing some organic matter. In fact, biofilms have been
successfully used in water and waste water treatment for over a century (Bai 2005). In the human
body, biofilms can form protective layers over good bacteria in the GI tract. Biofilms comprised
of a different composition of bacteria, however, can create breeding grounds for harmful
pathogens, allowing them to multiply undisturbed. They are associated with a number of
infections which can occur when a foreign object, such as a heart transplant, catheter, or even
something as benign as dentures, contacts the body.
Industrially, biofilms aid in sewage processing. They absorb nutrients in sewage water,
an essential step in the settling process during treatment. Large chunks of waste matter drift to
the bottom of sewage tanks where large biofilms reside. The biofilms absorb the nutrients from
the waste, working as a filter to help purify the water for the next portion of the water treatment
cycle. Unfortunately, while beneficial and useful in many cases, biofilm ubiquity and tenacity
can cost industry billions of dollars yearly because of equipment damage. Biofilms often plug
piping and can even cause pipe corrosion. Biofilms can also proliferate too much and cause
water contamination. In paper manufacturing plants, they cause degradation of product quality,
also resulting in product contamination.
In the environment, biofilms are often more beneficial. In bioremediation, biofilms
attached to particles of contaminated soils and aquatic sediments help degrade soil-bound
contaminants. Biofilms located at the tips of root hairs are attached to the plant root in
rhizospeheres to help cycle nutrients.
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In the medical environment, biofilms can be very dangerous and are often associated with
diseases and infections. Biofilms can colonize household surfaces such as toilets, showers,
counters, and sinks. Medical devices such as catheters, breathing tubes, and artificial heart valves
are at risk of contamination prior to insertion into the human body. One of the common bacteria
that attaches to medical devices is Pseudomonas aeruginosa, which can cause urinary tract
infections, gastrointestinal infections, pneumonia, and septic shock, depending on where the
infection occurs. In cystic fibrosis, an increased sensitivity to lung infections occurs. Ultimately,
biofilms permanently infect airways, clog lungs, and eventually cause death. Biofilms can also
form on contact lenses, which is why optometrists suggest rubbing contacts to clean them even
with no-rub solutions. S. mutans biofilms degrade sugars into organic acids causing cavities and
dental plaque. Other infections include acute or chronic respiratory and intestinal infections as
well as middle ear and heart infections. The biofilms involved are often antibiotic resistant due to
multiple layers and the presence of the glycocalyx.
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Objective
The objective of this senior project is to develop an experiment to study biofilm
formation in dental acrylic. The deliverables are as follows: (1) a protocol for setting up the
experiment, (2) a protocol for fixing and preparing the biofilm for imaging, and (3) a protocol
for analyzing the biofilm growth.
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Oral Biofilms
Biofilms are congregates of microorganisms that are usually found on solid-liquid contact
surfaces such as the inside of water pipes and various areas within the human body. They are
comprised of several uni- and multi-cellular organisms, like bacteria, protozoa and fungi, which
adhere to one another and form a generally symbiotic relationship. Primary colonizers usually
have a glycocalyx, also known as a polysaccharide matrix. This may be a capsule, a bound
polymer, or the polymer may be excreted into the surrounding environment, resulting in an EPS,
or extracellular polymeric substance. which helps hold the biofilm together. The glycocalyx is
used for attachment to the environment. The semi-continuous polysaccharide matrix, or SCPM,
captures other microorganisms, which become secondary colonizers who thrive on the waste
products produced by primary colonizers. Although the group of microorganisms may be more
or less harmless, opportunistic pathogens can cause infection or other adverse effects.
Biofilms develop most rapidly in flowing systems where adequate nutrients are available.
They are found on essentially any environmental surface that has sufficient moisture. Examples
include solid substrates in contact with moisture such as rocks in rivers, and soft or hard tissue
surfaces in living organisms such as dental plaque on teeth or infection-causing pathogens on
bone. Biofilms are also found on liquid-air surfaces.
There are two types of biofilms: simple and complex. A simple biofilm is a monolayer,
while a complex biofilm is a multilayer. There are different microorganisms in each layer which
may also contain cell aggregates, interstitial pores, and channels between layers. The channels
are shaped by protozoans that graze on bacteria and allow nutrients to reach the biomass.
Channels are also formed naturally by the flow of bulk liquid.
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It is beneficial for an organism to live in a biofilm for many reasons. A biofilm offers
protection from antibiotics and chemical disinfectants which fail to penetrate beyond surface
layers. The antibiotics may have impaired action by bacterial waste accumulation, could be
trapped and destroyed by biofilm matrix enzymes, or simply serve as a barrier to diffusion
(Characklis 1990). Chemical disinfectants may fail to destroy non-growing microorganisms
known as persister cells or could be inhibited by bacterial expression of biofilm-specific
resistance genes. Organisms living within a biofilm also have protection from extreme
environments and occasionally from predators. Another benefit is the ability to exchange genetic
material within the confines of the biofilm. The community structure of the biofilm allows
individual organisms to depend on one another for multiple functions such as nutrient
degradation and the obtaining of other sources of energy.
Typically, a biofilm passes through five stages of development in its "life cycle" as
shown in Figure 1. These stages are: (1) initial attachment, (2) irreversible attachment, (3) and
(4) maturations I and II, and (5) dispersion. Throughout each stage, the number of cells in the
film increases until the point of maturity where the amount of cells exceed that which the system
can support.
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Figure 1. Five stages of biofilm development. Adapted from Monroe 2007.
In stage 1, freely floating cells adhere to the surface. This process is reversible in that
cells can be removed without much force. In stage two, cells congregate and associate; the
formation becomes irreversible and permanent. At this point, the single layer of microorganisms
has created an semi-continuous polysaccharide matrix that can cause corrosion if located on a
metal surface. On teeth, the biofilm is also known as plaque and can cause tooth decay.
Throughout Maturation I and II, or stages 3 and 4, the biofilm begins to build upward and
develop channels within layers that assist with nutrient flow. These channels also allow the
biofilm to sway, retaining structure without rigidity. Without the channels, organisms in the
center of the biofilm would lack nutrition and would die off, causing the biofilm to release some
cells at that point. Finally, in stage five, the now mature biofilm disperses more freely swimming
cells to create colonies in other locations.
Biofilms are also able to move, a difficult task to accomplish for a complex system made
of many microorganisms. Seeding dispersal only occurs in stage 5. Streaming occurs when a
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relatively large shear force causes the biofilm to form in an even more flexible shape as seen in
Figure 2.

Figure 2. Different types of biofilm motility. Adapted from Montana State University.
This behavior is seen particularly in algae, also a biofilm, in fast flowing streams.
However, the biofilm becomes more susceptible to detachment. Through detachment, a large
cluster of biofilm breaks off the main group and floats in its form with the same protective
properties as an attached biofilm. As seen in Figure 2, rippling and rolling happen when the
conditions are right such as the pulsing of an ocean current.
Bacteria
A bacterium is a unicellular, organism that is present virtually everywhere. Bacteria are
the primary colonizing organisms at solid-liquid interfaces and make up a large majority of
biofilms. They secrete extracellular polymeric substances (EPS) to serve as a structure for the
biofilm. Bacteria come in various shapes, such as cocci (spherical), bacillus (rod-shaped), and
filamentous (ribbon-like). They also come in various sizes, ranging from roughly 0.5 to 5.0 µm,

7

and they can be chained or bunched. Bacteria are simple, prokaryotic organisms that lack
complex cellular structures that characterize eukaryotic organisms (such as a nucleus sounded
by a nuclear membrane and mitochondria).
Because of the large differences, bacteria belong to their own kingdom, known as
Prokaryotae, which has four main divisions. One of the differences in the divisions is whether
the cell is Gram-positive or Gram-negative, relating to the uptake of the purple stain using in
Gram's method. Gram-negative cells, having a thin peptidoglycan wall, will hold steadfast to the
stain in its cell walls, turning the cell purple when seen through a microscope, while Grampositive cells have an extra layer of cell wall, or a thick peptidoglycan wall, that prevents the
stain from penetrating. The other two divisions refer to the rigidity of the cell wall, with one
division having a flexible cell wall and the other having a rigid cell wall that lacks peptidoglycan
(Characklis 1990). Bacteria are also grouped by their metabolic processes through a combination
of sun and particular hydrogen donor. Using the word parts anoxy-, oxy-, and photo- to figure
out definitions, Anoxyphotobacteria photosynthesize under anaerobic conditions while
Oxyphotobacteria photosynthesize under aerobic conditions. Chemolithotrophic bacteria obtain
their energy from the oxidation of inorganic compounds and obtain their carbon for synthesis of
organic compounds from CO2 (Characklis 1990) Most bacteria, however, are heterotrophic, or
chemoheterotrophic, meaning that they require a combination of reduced organic substrates as
their main source. This category of bacteria is further divided depending on the response to
oxygen.
EPS
Extracellular polymeric substances, or EPS, are a group of biopolymers that make up an
SPCM. This material is produced by both bacteria and other microorganisms that provides
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structure and constitutes 50% to 90% of a biofilm's total organic matter (Flemming 2000). It
consists of polysaccharides, proteins, glycoproteins, glycolipids, and occasionally extracellular
DNA. It often has a defined "honeycomb" structure. EPS is more than just an SPCM that holds a
biofilm together. Major functions of the EPS include structure, food getting, polymer
degradation, interaction with the environment, and genetic information exchange. An EPS
Functionality chart is found below, keeping in mind that it is not a complete list. The EPS matrix
also makes it convenient for exchanging genetic information between bacteria that reside within
the biofilm. Unfortunately, there has been little study done on what makes up the EPS because it
is very difficult to separate EPS components from other components of the biofilm. There is
often a negative charge associated with the exterior of the matrix, meaning that nutrients are
often attracted to the biofilm (Vredevoe 2010). The highly hydrated biopolymers make up a
matrix that retains water through hydrogen bonding (Flemming 2000). EPS also interacts with its
surroundings through retention of extracellular proteins and sorption, where substances in the
environment are broken down and organized for biofilm inhabitant nutrients. Another EPS
component that influences biofilm structure is the amount of cellulose, which affects infectious
properties in E. coli.
Effect of EPS component
Constructive

Nature of EPS component
Role in biofilm
Neutral polysaccharides
Structural component
Amyloids
Structural component
Sorptive
Charged or hydrophobic
Ion exchange, sorption
polysaccharides
Active
Extracellular enzymes
Polymer degradation
Surface-active
Amphiphilic
Interface interactions
Membrane vesicles
Export from cell, sorption
Informative
Lectins
Specificity, recognition
Nucleic Acids
Genetic information, structure
Redox active
Bacterial refractory polymers
Electron donor or acceptor?
Nutritive
Various polymers
Sources of C, N, P
Table 1. EPS Responsibilities. Adapted from Flemming 2007.
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Dental Acrylic
Dentures are prosthetic devices that must be both aesthetically pleasing and functional.
They are typically made of acrylic, or polymethylmethacrylate (PMMA), which is a fairly low
cost material. Other advantages of using PMMA as a denture material include its strength and
light weight. Another advantage is that it is also easily processed. Ho
However,
ever, it can be scratched
easily. These scratches are often preferred sit
sites
es for pathogenic biofilm formation. If they are
deep enough, cleansers are ineffective and patients would be required to manually scrub the
biofilm off with toothbrushes. The chemical structure of PMMA can be seen in Figure 3.

Figure 3.. Chemical structure of Polymethylmethacrylate

Biofilm-associated
associated diseases on dental acrylic
Scientists are still in the process of understanding why dental acrylic support biofilms so
well. Prolonged contact with a pathogenic biofilm are a poten
potential
tial cause of infection. If not
removed regularly, the biofilm undergoes maturation, and the resulting pathogenic bacterial
complex can lead to dental caries
caries, gingivitis, and periodontitis. One of the more prominent
infections is associated with the bacterial species Candida albicans, with a 5-10%
10% infection risk,
although the risk has decreased considerably from 11
11-67% of complete
mplete denture wearers in 1987
(Ramage 2006). The infection results iin denture-induced
induced stomatitis, a disease that is promoted by
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continuous denture wearing and primary reactions to the acrylic (Arendorf 1987). Stomatitis is
an infection of the oral mucosa caused by a fungal growth on an area covered by the denture and
usually occurs in the upper jaw. Even with current antifungal therapy, mortality of patients with
invasive candidiasis, another fungal disease, can be as high as 40% (Chandra 2001).
A second opportunistic pathogen is Staphylococcus aureus, causing an estimated 500,000
patients to visit American hospitals for infection treatment in one year (Bowersox 1999) Strains
that are sensitive to methicillin, or MSSA, are easily treatable and do not pose a large threat
unless the patient’s immune system has been worn down considerably. One of its general
symptoms is angular cheilitis, a lesion located at the corner of the mouth. However, strains that
are not sensitive to methicillin, or MRSA, can lead to MSRA-related pneumonia and blood
infections. Although one in four people carries S. aureus as an opportunistic pathogen, it is
interesting to note that both MSSA and MRSA were isolated only from denture wearing patients
and not from the control group, or non-denture wearing patients, in a study (Smith 2003).
Surface Modification
Surface modification involves altering the top layer of the material or adding a coating.
Its purpose is to increase or decrease the adherence of proteins. Surface treatments should be thin
to minimize effects on bulk properties, resistant to delamination, and simple and robust to
minimize cost of manufacturing (Temenoff 2008). An important part of preventing proteins from
adhering onto surfaces is steric hindrance. Polyethylene glycol (PEG) is a large, hydrophilic
flexible polymer chain that is attached to the surface of some materials to avoid biofilm
formation. If these PEG chains are present, similar to seaweed on an ocean floor, bacteria cannot
readily attach themselves as opposed to attempting to attach to flat surfaces. In addition, surface
roughness plays a large role in the attachment of bacteria. A rough surface allows bacteria to
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hide in the small crevices, thereby increasing microbial attachment. Another factor is the contact
angle of the bulk material or surface coating. Although this isn't directly related, the contact
angle on the surface of the material directly corresponds to the hydrophobicity, which in turn is
related to the surface charge. The surface charge coupled with protein charge helps determine if
the protein adheres to the surface. By smoothing down surfaces, attaching coatings, and choosing
proper materials we can decrease the amount of microbial growth on dental acrylic.
Two main categories of surface modification are physiochemical and biological surface
modification which can be used to prevent biofilms from adhering to surfaces. Physicochemical
modification is further divided into physical and chemical modification. Although this thesis
primarily uses physical modification, it is necessary to discuss other types of changes to
understand why mechanical roughening and polishing is a more favorable option for dental
acrylic.
Chemical modifications involve placing a coating onto the surface of a material, whether
through primary or secondary bonds. Covalent methods include plasma treatment, chemical and
physical vapor deposition, and radiation grafting. Noncovalent coatings include solution coatings
Langmuir-Blodgett films, and surface-modifying additives (Temenoff 2008).
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Historical Review of Previous Bioreactors
One of the most basic bioreactors is a static bioreactor where the substratum is placed on
the bottom of the container, and covered with biologically active liquid. While simple, it cannot
represent a true environment of a naturally occurring biofilm as there is no water flow.
A bioreactor design created by Sara Leifer (2008) incorporated a flow loop system into a
cost-effective device made from a semitransparent, polypropylene rectangular snap and seal
leak-proof food container as shown below in Figure 4. Holes were drilled into the plastic and
fitted with luer lock fittings to connect tubes and flow would be regulated using a peristaltic
pump. A media reservoir was added to keep media levels high and to avoid air bubbles flowing
through the system. This flow loop system design had the advantages of easy graft insertion and
seal-ability, characteristics needed in a bioreactor designed for biofilm growth. However, the
opacity of the lid obstructs any observation of micro growth.

Figure 4. Simple flow loop system used for mimic blood vessel growth.
Adapted from Leifer 2008.
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A flow cell biofilm reactor created by RJ Palmer (1999) allowed the observation of a
biofilm in real time. Its four basic components were the nutrient supply, an access port, the flow
cell, and the waste disposal container. Bulk liquid was pumped through flexible plastic tubing
into a square capillary tube (shown underneath the microscope in Figure 5) utilizing a peristaltic
pump.

Figure 5. Flow cell biofilm reactor for class lab biofilm growing.
Adapted from Palmer 1999.
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Experimental Design
The following protocol would be used to (1) set up the bioreactor, (2) prepare samples, and (3)
expose samples. A table of samples is shown below in Table 2 to keep track of samples.
Treatment
Sample # Sandpaper Hours
1
n/a
n/a
n/a
2
250
24
Wet weight and optical
3
250
48
Wet weight and optical
4
250
72
Wet weight and optical
5
250
24
Fluorescent imaging
6
250
48
Fluorescent imaging
7
250
72
Fluorescent imaging
8
400
24
Wet weight and optical
9
400
48
Wet weight and optical
10
400
72
Wet weight and optical
11
400
24
Fluorescent imaging
12
400
48
Fluorescent imaging
13
400
72
Fluorescent imaging
14
600
24
Wet weight and optical
15
600
48
Wet weight and optical
16
600
72
Wet weight and optical
17
600
24
Fluorescent imaging
18
600
48
Fluorescent imaging
19
600
72
Fluorescent imaging
Table 2. Samples organized for experimentation

Bioreactor Set up
1. Disinfect a 500 ml beaker using 70% IPA.
2. Add 400 ml of biologically active liquid to the beaker. Some examples include pond, lake or
stream water, human saliva, or artificial salivary substitute.
3. Disinfect a magnetic stir bar using 70% IPA and add to the liquid.

Sample Preparation
1. Cut nineteen samples out of acrylic sheet to 2cm by 2cm using a band saw.
2. Place one sample aside as a control. Sand six samples with 250 grit sandpaper. Sand six
samples with 400 grit sandpaper. Sand six samples with 600 grit sandpaper.
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3. Image all samples.
4. Disinfect glass slides using 70% IPA
5. Attach samples to glass slides using aquarium sealant for ease of observation later.

Sample Exposure
1. Place glass slides in the bioreactor using tongs.
2. Seal the bioreactor with parafilm to create an anaerobic environment.
3. Remove samples at 24, 48 and 72 hours after exposure.
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Necessary Equipment
Bioreactor Selection
The selection of a bioreactor can affect the results of the experiment. Bioreactors are
model systems used to observe the growth or reaction of living organisms to their surrounding,
controlled environment. They are also used in production applications such as the mass
micropropagation of apples, grapes and potatoes (Paek 2005). They are commonly used in
experiments, and help to increase knowledge about bacterial behavior. In this thesis, a bioreactor
will be used as the housing. Samples will be taken from the bioreactor at specific intervals to
observe biofilm growth. Biofilm quantity is measured through direct measurement (mass and
thickness), or indirect measurement through specific biofilm constituents, microbial activity, and
effects on biofilm transport properties (Characklis 1990).
Bioreactors can have many styles. A bioreactor can be made up of several components
including a reactor and a reactor feed system. Other optional components include a pumping
system, flow rate controls, and measuring devices. The simplest of bioreactors is the static
bioreactor where there is no flow of liquid involved, either in and out of system or within the
system. A material is essentially placed into a sterilized beaker with bioactive water and left to
sit for a predetermined time before observation under a microscope.
There are other more complex reactors including the continuous flow stirred tank reactor
(CFSTR), the plug flow reactor, and the batch reactor. In a CFSTR, liquid flows through the
system without any concentration gradients within the liquid. The liquid must be so well mixed
that the bioactive material introduced into the system must have the same gradient as the material
flowing out of the system. If the liquid isn't vigorously mixed, the bioactive material could form
clumps, causing the CFSTR to change into a plug flow reactor.
17

A plug flow reactor streams liquid in a constant, steady flow that doesn't mix or stir the
liquid. In theory the composition of the liquid would change, but the volume would not.
Reactants would be deposited and products would be removed from the biofilm at the same
time.
Finally, a batch reactor is very similar to a static bioreactor in that no liquid flows in and
out of the reactor. However, the batch reactor is agitated, and therefore is a well stirred tank.
While CFSTR and plug flow reactors introduce more substrate and remove waste products, batch
reactors and static bioreactors are unable to do so. This is akin to a fish tank with a water filter
and something to feed the fish with. Without something to remove the waste, and give food to
the fish, the fish will eventually die, just as a biofilm will in a static environment.
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Equipment List
500 ml beaker or glass equivalent
Biologically active water
Aquarium sealant
Magnetic Stir bar and Magnetic Stirrer
Dental acrylic
250, 400 and 600 grit sandpaper
Parafilm or equivalent (stopper, glassware lid)
70% Isopropyl Alcohol
Phosphate buffered saline
3.7% Formaldehyde
Pure Ethanol
Pure Acetone
Horizontal Band Saw
Scanning Electron Microscope
Optical Light Microscope
Glass microscope slides
Tongs
Goggles
Latex gloves

5 mg/ml fluoroscein diacetate
1.25 mg/ml ethidium bromide
Micropipette
Saline
Confocal Laser Scanning Microscope
Digital weighing scale
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Analysis Protocol
The following protocol would be used to quantify biofilm proliferation.

Sample removal
1. Using tongs, remove glass slides from the bioreactor.
2. Rinse samples in PBS (Phosphate buffered saline) to remove non-biofilm associated cells.

Wet weighing
1. Tilt glass slides at an angle of approximately 40º for 15 minutes to drain excess fluid.
2. Touch the edge of the lowest point of the glass slide (where the fluid is draining) with dry,
sterile tissue.
3. Weigh the glass slide to 0.1 mg.
4. Submerge the glass slide in the liquid for another 15 minutes.
5. Repeat steps 1-4 four times to get a series of 5 repeat weighings.
*Wet weighing procedure adapted from Sissons 1995.

Optical observation
1. Submerge samples in 3.7% Formaldehyde for 3 minutes.
2. Remove samples from the Formaldehyde and place in pure Ethanol for 3 minutes
3. Remove samples from the pure Ethanol and place in pure Acetone for 3 minutes.
4. View each sample under a Scanning Electron Microscope (SEM) and Optical Microscope to
examine colonies.
5. Compare images to control sample to determine severity of biofilm growth of each sample.

Fluorescent imaging
1. Mix 5mg/ml fluoroscein diacetate with cold acetone. The combination is called a solution of
fluorochrome. Fluoroscein diacetate penetrates cell membranes and is cleaved enzymatically in
the cytoplasm, forcing it to remain in the cell membrane of living cells.
20

2. Mix 5µl fluorochrome with 5 µl ethidium bromide and 1ml of cold saline. Ethidium bromide
binds to the RNA and DNA of dead cells.
3. Micropipette 5 µl of the final mixture onto samples.
4. Dry the samples at 37ºC for two minutes.
5. Embed upside down in a fixative containing toluene/paraloid.
6. View under a confocal laser scanning microscope to observe the distribution of dead vs. alive
cells in the biofilm as well as biofilm height. Height can range from roughly 30-90µm (Netuschil
1998)
*Fluorescence imaging procedure adapted from (Auschill 2001)
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